INTRODUCTION
Clinically managing acute endocarditis, an infection of the heart valves with a mortality rate of up to 47%, remains highly challenging and frequently unsuccessful. 1, 2 The most common pathogen behind acute endocarditis is Staphylococcus aureus, followed by Streptococcus species. 2, 3 Unmet clinical needs in treating acute endocarditis include: (i) more reliably diagnosing or excluding endocarditis, (ii) quickly and precisely identifying the pathogen dwelling in vegetations informing selection of antibiotics, and (iii) acquiring more quantitative data to guide decisions about surgical intervention. Currently, clinically diagnosing endocarditis relies on the modified Duke criteria, 4 which combine major and minor criteria including echocardiographic imaging, clinical signs such as a new heart murmur or fever, and detection of circulating bacteria in blood cultures. Unfortunately, blood cultures can be misleading; false-negative results occur when the pathogen is present in the vegetation but not in circulation at the time of blood withdrawal, as can occur, for instance, after initiation of antibiotic therapy. The following case report from the Massachusetts General Hospital clinical service highlights this typical problem.
Case Report
A 71-year-old man with a history of mitral valve prolapse and mitral regurgitation presented with a three-week history of worsening dyspnea on exertion and fatigue. He denied fever, chills, syncope, chest pain, nausea, and vomiting. His temperature was initially 98.0°F with a transient spike to 101°F. His blood pressure was 109/ 53 mm Hg with a pulse of 92 beats per minute. He had a nonpainful non-pruritic rash on his lower extremities. Blood cultures were positive for Enterococcus faecalis. Transthoracic echocardiogram (TTE) showed a thickened mitral valve with mitral valve prolapse, severe mitral regurgitation, and a partially flail posterior leaflet, but no definitive vegetation. This result was judged to be unchanged from a prior echocardiography 4 months earlier. He was treated with vancomycin, ceftriaxone, and gentamycin for presumed endocarditis and discharged with a 4-week course of ampicillin and gentamycin. Clinically, the infection seemed to have cleared. Six months later, he underwent elective surgical mitral valve repair. The preoperative transesophageal echocardiogram showed no significant changes from the prior two echo studies, with no definitive evidence of vegetation. During the mitral valve repair, the surgeon observed and then resected a vegetation. Pathologic examination showed infective endocarditis with a fibrin vegetation containing Gram-positive cocci (Figure 1 ). This case highlights the limitations of echocardiography: surgery was pursued because echo studies failed to indicate infection. Molecular imaging tools, by contrast, would have detected residual infection and thereby altered clinical management so that the patient could have been treated with another, possibly more specific, course of antibiotics to clear the infection before surgery.
use of major and minor modified Duke criteria, which include a new or changing heart murmur, fever, detection of circulating bacteria in blood cultures, predisposing conditions, Osler nodes, Janeway's lesions, splenomegaly, and serial imaging by echo (including transesophageal echocardiograms). These serial echo studies are often done days apart to assess vegetation growth, an important factor in timing surgical intervention. 5 However, none of these criteria, except for histological assessment of excised valve material, directly report on bacterial presence in cardiac vegetation. Definite diagnosis is only reached by vegetation pathology, as in the case report presented above, or through several combinations of the aforementioned criteria (two major criteria, or one major and three minor criteria, or five minor criteria). 6 Echocardiograms do not inform on the pathogen and can be false-negative in 15% of cases. Molecular imaging promises to address at least some of these hurdles, as it may provide the opportunity to quantify specific bacteria in endocarditis lesions, akin what currently is only provided by ex vivo histopathology.
Disease Origins
Endocarditis is a life-threatening inflammation of cardiac endothelium of the heart valve and surrounding tissue that results from an underlying viral, fungal, or bacterial heart infection. Endocarditis is rare in healthy individuals without congenital heart disease but can be fatal due in part to its rapid onset. Broadly, endocarditis is divided into native valve bacterial endocarditis (NBVE) and prosthetic valve bacterial endocarditis (PVBE). Coagulase-positive S. aureus and coagulasenegative S. epidermidis are the major causal pathogens of both types of endocarditis.
2,4 S. aureus endocarditis occurs in approximately 40% to 50% of neonatal cases and 30% to 40% of cases in adults 16 to 60 years, and it has a high mortality rate even with antibiotic therapy. 2, 7 In the absence of surgery or a central line causing damage to the heart, vegetations may develop as a result of normal heart valve function (i.e., the mechanical strain of constantly opening and closing). Turbulent flow caused by congenital defects can increase localized pressure that denudes endothelial cells and consequently exposes pro-coagulant surfaces. Such damage is usually repaired quickly, but if bacteria circulate in the blood stream they may attach to the repair site, as illustrated in Figure 2 . Vegetations are predominately composed of platelets, fibrin, and actively replicating bacteria. 7 In the late stage of endocarditis, vegetations can lead to valvular stenosis or insufficiency, 8 pannus formation in PVBE, 9 and, in advanced cases, complete valve destruction via microbe consumption. 10 Compromised valve function ultimately leads to heart failure. 11 With incidence rising to [15 per 100,000 patients per year, healthcare-associated endocarditis has become a major issue. 4 The majority of life-threatening acute endocarditis cases stem from coagulase-positive S. aureus infections, and streptococcal species are the second most prevalent trigger. More specifically, NVBE is predominantly caused by S. aureus, followed by coagulase-negative staphylococci, enterococci, and Streptococcus bovis infections. 12 Although Staphylococcal infections account for the majority of cases, the frequency of Enterococcus and Streptococcus bovis isolation is more than twofold greater for patients with diabetes mellitus. 13 In the future, next-generation sequencing efforts and whole genome analysis of endocarditis pathogens will show how they adapt during antibiotic therapies. For example, a patient with congenital heart disease was diagnosed with endocarditis, and the pathogen was sequenced from blood collected prior to and during the 12 weeks of therapy, which included rifampin, imipenem, vancomycin, and valve replacement surgery. 14, 15 The resulting genomes (JH1-JH9) revealed the timing and frequency of mutations that increase antibiotic resistance and cell survival, thereby providing a glimpse into microbe evolution during disease.
14,15

Treatment Options
Because its prognosis depends on aggressive and precise treatment, endocarditis urgently needs early, reliable diagnostics in the clinic. Intensive antibiotic therapy, typically lasting 4-6 weeks, is the first line of treatment, though surgically removing the infected valve may become necessary in aggressive cases. Timely treatment is complicated by the difficulty of both properly diagnosing endocarditis and correctly identifying the causative microorganism. The choice of antibiotics relies on blood culture results, but these can be sterile or misleading. Physician experience and estimated infection route often determine initial antibiotic selection. Subsequent treatment adjustments respond to clinical signs and rely largely on trial and error. Valve replacement surgery is a potentially life-saving treatment option, though openheart surgery carries major risks. The purpose of surgery is to remove the vegetation and bacterial population, restore valve function and preserve cardiac output. Surgery can also reduce the risk of septic emboli, which may irreversibly damage the brain and kidneys. Emerging data show that early surgery may be beneficial, but there are no ideal criteria on which to base interventional decisions and timing. 16, 17 
THE ROLE OF IMAGING
Numerous preclinical and clinical studies highlight ways molecular imaging may ameliorate diagnostic shortcomings in managing endocarditis ( Table 1) . The unmet clinical need to improve diagnostic options has led to preclinical and good-sized clinical studies that investigate specific imaging of heart valve infection. Most investigators used sensitive nuclear and, for preclinical studies, optical imaging techniques to detect the small and sparse targets associated with endocarditis vegetations.
Bioluminescent Imaging of Bacteria
Light-emitting microbes are a powerful new tool for developing preclinical probes and evaluating drug efficacy. Broadly, there are three reporter classes for biolumenscent imaging (BLI): firefly (coleoptera), 18 jellyfish and sea pansies (cnidarian), 19 and bacteria (Vibrio spp. and Photorhabdus luminescens). 20 Imaging bacteria relies on the latter, but the light production is different from that used for in vivo imaging of cancer progression in animal models. BLI studies of cancer cells typically require single protein luciferase expression (e.g., lux2 under a human ubiquitin C promoter) and subsequent intraperitoneal injection with luciferase substrates (luciferin) to generate light through adenosine triphosphate (ATP)-dependent oxidation of the acid side chain of luciferin to oxyluciferin. The ''glowing'' luciferin is cleared rapidly from the animal, requiring re-injection for longitudinal studies. The process of generating light emission to image biolumenscent 
bacterial pathogens is more complicated and based on transposon insertion of a lux operon that consists of LuxABCDE genes from P. luminescens into the microbe by use of temperature-sensitive plasmids. The lux operon encodes the heterodimeric luciferase (luxA and B), long-chain fatty aldehydes (decanal), and reduced flavin mononucleotides (FMN) (luxC-E). To produce light, the luciferase converts the aliphatic-aldehyde substrate decanal, oxygen, and reduced FMN into the resulting aliphatic acid, water, FMN, and light at a wavelength of 490 nm. 21 The names of several bacterial strains comprise the Xen prefix, meaning originally developed by Xenogen, followed by numerical reference code. For instance, Xen 10 refers to a Streptococcus pneumonia A66.1, 22 while Xen 29 is derived from the Staphylococcus aureus ATCC 12600 parent strain. 23, 24 Bacterial BLI has been used by researchers such as Xiong et al 23, who used bioluminescent S. aureus to monitor acute bacterial endocarditis in rats using a catheter-based injury prior to bacterial injection. The technique can also be used to track vegetation bacteria's response to newly developed antibiotics. Interestingly, a recent report by Close et al 25 indicates the disparity between mammalian and bacterial bioluminescence production may soon be resolved through HEK 293 cells' ability to express mammalian codon-optimized lux CDABE operon that can be used to image these cells in vivo. Future studies will no doubt identify additional applications for BLI techniques.
Despite its obvious advantages, using these lightemitting microbes can be challenging. Photons scatter as they move from the infection site into surrounding tissues. In addition, BLI is inherently two-dimensional, though the advent of bimodal bioluminescence/x-ray systems provides better spatial information in the x/y plane and improved anatomical information. True 3D bimodal instruments are being explored but are not yet widely available. 26 Another important consideration, given the lux operon's transposon incorporation and forced microbial evolution through antibiotic selection, is that the lux operon insertion site, selected solely for maximum light production per colony, is inconstant among pathogens. Additionally, BLI requires a nonnaturally occurring bacterium, which means the strategy is not translatable to the clinic. These challenges and inconsistencies need to be addressed for BLI to progress as an effective research tool.
Targeted Imaging of Vegetations
In our experience with a mouse model of endocarditis (Figure 3) , BLI very effectively screens animals for bacterial colonization verification prior to more involved procedures, such as targeted imaging by PET-CT. Preliminary BLI allows us to pre-select mice with definite infection for costly and time intensive experiments.
Advanced preclinical imaging techniques such as fluorescence molecular tomography (FMT) and positron emission tomography (PET) fused with computed tomography (FMT-CT or PET-CT, respectively) visualize novel fluorescently-or chelator-labeled prothrombin analogs in a mouse model of S. aureus endocarditis ( Figure 4A) . 27 Prothrombin is a key blood-clotting zymogen, and using its analogs harnesses its highaffinity interactions. S. aureus expresses two prothrombin activators, staphylocoagulase 28, 29 and von Willebrand binding protein. 30 Prothrombin analogs were generated by incubating prothrombin with recombinant N-terminal staphylocoagulase fragment fused to His 6 -tag. 29 The resulting complex is proteolytically active and subsequently covalently inactivated with a tripeptide thrombin inhibitor that was modified with Nsuccinimidyl (acetylthio)acetate, thereby adding a sulfhydryl group in the form of a protected thiol moiety. Separating the prothrombin probe analogs took advantage of the terminal His 6 -tag's unique ability to function even under reducing conditions. Deprotecting the thiol produced single-site probe incorporation. Once free of the staphylocoagulase, the prothrombin analogs partially revert to the zymogen state but have no protease potential when used in vivo, so that the imaging agent has no effect on the host's clotting system. The specific site-labeling also preserves all exosite I interaction, which is important for fibrinogen, hirudin, factor V/Va, and staphylocoagulase binding. 28, 29, 31 Intravenously injecting these labeled prothrombin analogs facilitated in vivo tracking of prothrombin being sequestered from host blood and deposited into the growing fibrin layers of endocarditis vegetations. 27 Non-invasive FMT/CT imaging monitored antibiotic therapy and infection relapse. Co-localizing the imaging agent with BLI signal from the bioluminescent S. aureus confirmed specificity in a given region of interest. Clinically translating this fluorescent imaging agent will depend on labeling prothrombin with PET isotopes (Fig 4B) .
Addressing the increasing incidence of enterococcus endocarditis in diabetic patients, Pinkston et al developed a PET reporter for Enterococcus faecalis endocarditis and biofilm associated pili (Ebp). A [
64 Cu]-DOTA-monoclonal antibody recognizes Ebp. The authors confirmed cell binding with transmission electron microscopy and used in vivo PET-CT in rats with enterococcus endocarditis. 32 Previously, imaging of endocardial fibrin deposition by pathogenic bacteria relied on fibrin-targeted antibodies labeled with either 111 Indium ( 111 In) 33, 34 or Technetium ( 99 Tc). 35 This approach detected endocarditis in rabbits after catheter injury of the valves followed by inoculation with Streptococcus sanguinis.
35
The fibrin-targeted antibodies also partially inhibited vegetation development. 35 Other strategies used labeled immune or host cells (i.e., platelets or granulocytes) to Journal
Endocarditis and molecular imaging track immune cells deposit at the infection site. 36, 37 While quite sensitive, these strategies do not discriminate infection, let alone the characteristics of a specific pathogen. Using pooled anti-staphylococcus antibodies derived from endocarditis patients resulted in limited accumulation of imaging tracer in vegetations. 38 Modified antibiotics may also detect bacterial infections. For instance, vancomycin was conjugated to a near-infrared fluorochrome for fluorescence imaging 39 or to iron oxide nanoparticles detectable by MRI. 40 Effective vegetation penetration was noted for 3 H-spiramycin, 41 a macrolide antibiotic that inhibits bacterial protein synthesis. Future imaging approaches that could determine antibiotic susceptibility or resistance of microbes in vegetations would provide a powerful tool for the choice of appropriate antibiotics. Other preclinical imaging agents, such as stannous pyrophosphate (Sn 2 P 2 O 7 ) ( 99 Tc-PYP) 42 or a synthetic zinc (II) coordination complex that targets bacterial cells' anionic surfaces, 43, 44 rely on surface charge differences between the pathogens and mammalian tissue. Imaging strategies using labeled annexin V, which binds phosphatidylserine on apoptotic cells, and activated platelets have also been used in experimental endocarditis. 45 
Future Smart Probes for Imaging Endocarditis
There are a number of potentially useful targeted imaging probes that have yet to be tested in endocarditis. One interesting example is an imaging agent that is taken up by bacteria via the maltodextrin transport pathway. That mammalian host cells do not express this transporter may drastically reduce background uptake of the maltohexaose-conjugated fluorochrome reporter. 46 Another recently-developed fluorescent imaging agent specifically targets S. aureus via a nuclease cleaved probe. 47 This activatable reporter relies on unquenching a fluorochrome when a target sequence, which is specific for the nuclease produced by the bacterium but not by host cells, is cleaved. While this probe may enable multispectral parallel detection of several pathogens, the optical technology it uses makes clinical translation for non-invasive imaging challenging. These promising new targeting methods warrant preclinical testing in an endocarditis model.
Clinical Endocarditis Imaging
When endocarditis is suspected, TTE is mandatory and often supplemented by TEE. TTE efficacy is limited by fat and bones in the chest wall, lung interference, and, especially in patients with infected prosthetic valves, the presence of artificial heart valves. 48 By comparison, TEE provides higher-resolution images of aortic anatomy and is less hindered by air in the lungs. In a series of 118 patients with endocarditis confirmed by either surgery or autopsy, TEE was [3.5-fold better at detecting cardiac abscesses than TTE. 49 Although TEE is more effective than TTE, neither method provides specific information beyond anatomy and valve function. Additionally, their efficacy often depends on tracking changes in anatomy and valve function over several imaging sessions. In 262 patients with suspected endocarditis, 6 patients had at least 6 TTEs and four patients had at least four TEEs. 50 Serial echo is estimated to waste 120 million dollars annually. 5, 50 The lack of specific diagnostic imaging agents for endocarditis limits clinical diagnosis of S. aureus endocarditis. Existing methods such as echocardiography are very valuable but can be hampered by ambiguous results. Acute endocarditis may develop rapidly-within 2 weeks-but for effective diagnosis, the clinician must wait until the vegetation of bacteria, fibrin and platelets is large enough to be detected by echocardiogram. By this time, treatment may be less effective as bacteria wall themselves off with fibrin-platelet shields. 17, 18 In addition to making diagnoses quicker and more accurate, specialized endocarditis imaging agents could improve clinician's ability to monitor disease progression and administer effective antibiotic therapy.
Clinical studies have begun exploring PET imaging for endocarditis with methods used to detect other bacterial infections. For example, PET imaging 18 F-FDG labeled leukocytes shows leukocyte accumulation without reporting on specific pathogens. 51 Other researchers are investigating single-photon emission computerized tomography (SPECT)-based imaging agents. Patients' leukocytes are isolated, incubated ex vivo with a chelated 99 Tc or 111 In, and re-injected to determine sites of inflammation associated with endocarditis or pannus formation. [52] [53] [54] In one example, infection sites identified by SPECT were true positive in 35 of 40 patients patients with significant inflammatory disease components, including later stages and abscesses. 52 Although promising, leukocyte tracking may not adequately identify small vegetations, particularly in cases where biofilmforming pathogens are seeded on prosthetic devices. Similar limitations may apply to 99 Tc-labeled leukocyte antagonists, 55, 56 the human neutrophil peptide HNP-1, 57 platelet GPIIb/IIIa receptor antagonists, 58, 59 and antigranulocyte monoclonal antibodies. 60, 61 Despite these challenges, diagnosis with PET or SPECT isotopelabeled antibiotics remains an attractive option for clinical imaging. In a large study on 99 Tc-ciprofloxacin efficacy in detecting infection sites, endocarditis was identified with 100% specificity, using blood culture results as the gold standard, in 26 patients. Figure 5 shows the isotope-labeled glucose analogon trapped in lesions, likely in cells with high glucose uptake. In endocarditis, these are probably leukocytes that accumulate at the site of infection. Several 18 F-FDG PET/CT clinical trials have yielded promising results. For instance, 18 F-FDG appears to be particularly helpful in detecting endocarditis in patients with artificial heart valves. Endocarditis is frequent among these patients, but the prosthetic valves make diagnostic echocardiography less effective. In a study by Saby et al, among 13 patients with proven endocarditis, PET/CT imaging was positive in 12 patients whereas echocardiography was positive in only 7 patients. 63 A larger study of 345 patients revealed that adding 18 F-FDG PET/CT imaging to the clinical management of 115 endocarditis patients decreased morbidity and mortality. Mortality in the 18 F-FDG PET/CT group was 19%, compared to 32% in the control group. 64 These studies indicate that 18 F-FDG PET imaging should already be considered in current clinical care, especially in difficult or ambiguous cases. However, the method also has disadvantages, including alack of specificity for bacterial presence and potential background uptake of 18 F-FDG in myocardium. In addition, freshly operated valves will return false positive results due to post-surgical inflammation in the healing heart.
FUTURE DIRECTIONS
Methods that specifically detect infectious pathogens are the most promising developmental direction for imaging endocarditis. At this point, however, it is unclear which methods or affinity ligands will be most suitable for clinical translation. In this review, we described work using antibodies targeted to specific bacterial strains, molecules that attach to virulence factors secreted by S. aureus, isotope-labeled antibiotics, and agents that are taken up and metabolized by bacteria but not human host cells. If translated, any of these approaches could diagnose endocarditis and detect infectious embolisms, which are applications with clear clinical utility, as well as track local bacterial response to antibiotics, which would be useful in both drug trials and clinical cases where individual response is unclear. One challenge for researchers going forward is that imaging agents targeting endocarditis that can identify a specific bacterial strain may miss other pathogens or mixed infections. Possibly, multimodal clinical molecular imaging, such as PET/MRI, could solve this problem via a dual reporter approach that pairs a broadly sensitive but unspecific agent with a second agent that precisely detects a suspected prevalent strain.
ACTION PLANS
Clinically developing advanced molecular imaging tools for endocarditis will be expensive. Despite the serious clinical need posed by endocarditis, its specialized molecular imaging agents will be a niche indication. Consequently, the pharmaceutical industry may have little interest in developing and marketing molecular imaging systems for endocarditis. Academic centers and public funding agencies will likely have to carry forward this important work, which will include i) development and validation of new pathogen-specific probes targeting the top endocarditis pathogens, ii) discovery of pathogenic mechanisms that can serve as imaging targets, iii) implementation of technologies that are capable of specific and cost effective endocarditis detection, and iv) testing of dual reporter approach for multimodal clinical molecular imaging, such as PET/MRI.
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